We use X-ray imaging to study viscous resuspension. In a Taylor-Couette geometry, we shear an initially settled layer of spherical glass particles immersed in a Newtonian fluid and measure the local volume fraction profiles. In this configuration, the steady-state profiles are simply related to the normal viscosity defined in the framework of the Suspension Balance Model (SBM). These experiments allow us to examine this fundamental quantity over a wide range of volume fractions, in particular in the semi-dilute regime where experimental data are sorely lacking. Our measurements unambiguously show that the particle stress is quadratic with respect to the volume fraction in the dilute limit. Strikingly, they also reveal a nonlinear dependence on the Shields number, in contrast with previous theoretical and experimental results. This likely points to shear-thinning particle stresses and to a non-Coulomb or velocityweakening friction between the particles, as also evidenced from shear reversal experiments.
I. INTRODUCTION
Understanding the flow of particles suspended in a fluid is critical to obtaining reliable predictions and models of transport and migration phenomena in industrial and natural slurries. This problem has attracted significant attention over the last two centuries, starting from the seminal works of Stokes 1 and Einstein 2 who studied how a single particle affects the flow of a viscous fluid at low Reynolds number. Due to the large number of particles in the fluid and to the presence of both solid contacts and long-range hydrodynamic interactions between them, addressing the full problem of suspension flows remains a complex challenge even after almost a hundred years of theoretical and experimental effort. The last two decades have seen the emergence of the suspension balance model (SBM) 3, 4 as a robust framework to describe migration phenomena in suspensions, despite some conceptual flaws that were settled recently 5, 6 . Notable progress has also been made to reconcile this theoretical framework for dense suspensions with those for granular rheology 7 .
The SBM introduces the concept of particle stress to explain particle migration in flowing suspensions. It accounts for the fact that particle contacts tend to generate normal stresses that act as an osmotic pressure to keep the particles dispersed under shear. The normal viscosity tensor η n quantifies this particle stress in a dimensionless form as a function of the volume fraction φ . In the presence of stress inhomogeneities, particle migration occurs leading to volume fraction gradients that ensure the balance of particle normal stresses in steady-state conditions.
The SBM then relies on empirical expressions of the shear and normal viscosities of dense suspensions derived from experiments performed under homogeneous conditions, such as those provided by Morris and Boulay 4 and Boyer, Guazzelli, a) Electronic mail: b.saint-michel@imperial.ac.uk and Pouliquen 7, 8 , to derive the particle migration dynamics and the steady-state concentration profiles in any flow geometry 4 . In all these works, a viscous scaling of all stresses is assumed, which is theoretically justified for ideal rate-independent Coulomb friction between the particles 9 . Many experimental results, however, show the emergence of a shear-thinning viscosity at high volume fraction in nonBrownian suspensions [10] [11] [12] [13] [14] . This has been proposed to originate from a velocity-weakening friction between the particles 13 or from non-Coulomb friction 12, 14 as evidenced experimentally by Chatté et al. 12 . These nonlinear properties would then largely depend on both the bulk and surface properties of the particles considered.
Moreover, some aspects of the SBM remain unclear. For instance, the anisotropy in the particle pressure is modelled through the use of three different coefficients for the normal viscosity, η n,i=1,2,3 acting respectively in the direction of flow, in the flow gradient direction and in the vorticity direction, perpendicular to both flow and flow gradient directions. Morris and Boulay 4 assume that these coefficients are proportional to each other for all φ . However, recent experimental evidence by Dbouk, Lobry, and Lemaire 11 , who measured the particle pressure simultaneously in two directions, have shown otherwise. Confirming such results is particularly challenging because very few experimental configurations probe the particle pressure in the vorticity direction. Such measurements indeed require a parallel-plate geometry 11, 15 or a tilted trough 16 . The typical particle pressures in these geometries are usually too small to be measured accurately for φ ≤ 0.2, which means that the asymptotic limits proposed by Morris and Boulay 4 have yet to be confirmed. Additional measurements of the normal viscosity in the vorticity direction would allow one to confirm such predictions or to correct them and improve our understanding of particle migration and transport in dilute and semi-dilute suspensions.
Viscous resuspension 17, 18 , where an initially settled suspension is made to flow until a steady state is reached, is an interesting alternative to measure directly the normal viscosity coefficients. Indeed, under a homogeneous and steady shear flow, particle pressure gradients originating from the initial particle concentration inhomogeneity induce a vertical positive particle flux -that is, particles are resuspended-which is balanced in steady state by the negative buoyancy of the particles. Resuspension experiments have been performed in various geometries including the annulus geometry 17 and the Taylor-Couette geometry 18 . Due to technical limitations, these two previous works only report measurements of the maximum height of the sediment h above which the particle volume fraction is identically zero. This height increases when raising the shear rateγ, as expected from the balance between viscous forces and buoyancy. More specifically, in the context of viscous resuspension in a Taylor-Couette geometry, the increment h − h 0 of an initially settled bed can be related to the normal viscosity in the vorticity direction. Interestingly, the data of Acrivos et al., analysed in the framework of the suspension balance model by Zarraga, Hill, and Leighton Jr. 10 , suggest an alternative dependence of the normal viscosity with φ compared to pressure-imposed experiments 4, 7 . In particular, for vanishing volume fractions φ , this alternative expression converges faster to zero than the ones proposed by Morris and Boulay 4 and by Boyer et al. (see Section IV A for more details).
The height of the sediment in resuspension experiments is an integral response, and as such it includes both the dilute particle layers close to the top of the sediment and the more concentrated parts at the bottom. However, in the steady state, a mechanical balance links the vertical concentration profile to the normal viscosity everywhere in the sediment, or, in other words, at every concentration from the very dilute regime to the highly concentrated regime. Therefore, concentration profiles in Taylor-Couette resuspension experiments could be used to estimate the normal viscosity for a wide range of volume fractions, including the very dilute limit. This would be particularly helpful to reconcile the point of view of Zarraga et al. and that of Morris and Boulay 4 and Boyer et al. on the expression of the normal viscosity.
The objective of the present work is to achieve the measurement of volume fraction profiles φ (z) during viscous resuspension in a Taylor-Couette geometry and to use this information to determine the normal viscosity. For this purpose we take advantage of X-ray imaging, since X-ray absorbance is directly related to the particle volume fraction without being affected by multiple scattering 12, 19, 20 . This technique allows a precise and local measurement of the particle volume fraction. The paper is organized as follows. Section II gives a detailed description of the experimental setup and the derivation of the concentration profiles from the raw X-ray radiography intensity maps. Section III discusses our experimental concentration maps and vertical profiles. Our experimental profiles are then compared to the predictions of the SBM using the two empirical formula for the normal viscosity 7, 10 in Section IV. Finally, Section V offers an interpretation of our results in the framework of solid friction weakening and shear-thinning. is sheared between the two concentric cylinders of a Taylor-Couette cell (inner spindle in dark gray and outer cup in black). X-rays generated from a pointlike source 25 cm from the geometry (left of the picture, not shown) are selectively absorbed by the suspension, which translates into spatial variations in the transmitted intensity recorded on the planar X-ray detector located 70 cm away from the cell in the actual experiment (thick red line on the right). The sample temperature is controlled thanks to a water circulation (in gray) around the outer cylinder. b) Top view: the thickness w of the suspension slab crossed by the X-rays depends on the transverse coordinate x. The two cross-sections (left and right CS) used in our study are indicated with dashed lines and a plot of w as a function of x is shown on the right. A typical X-ray for a given x of the left CS (thick red line) is also shown to highlight that it crosses areas of the geometry corresponding to multiple values of r ≥ x.
II. EXPERIMENTAL SETUP AND METHODS
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A. Geometry, Fluid and Particles
A schematic diagram of our experimental setup is shown in Figure 1 . It consists of a Taylor-Couette cell made of an inner cylindrical spindle of radius R i = 23.0 mm and height H = 53.5 mm and of an outer cup of radius R o = 25.0 mm.
The choice of this thin-gap Couette geometry is prescribed by the need to avoid significant shear-induced migration while accommodating at least ∼ 8 particles across the gap. Both cylinders are made of poly(methyl-methacrylate) (PMMA) and are smooth compared to the particle typical size. The spindle is recessed over 1.5 mm at its end in order to limit secondary flows at the bottom of the geometry. Water is circulated around the cup to control the temperature to 25 ± 1 • C.
We focus on glass spheres of density ρ p = 2500 kg×m −3 . The batch particles (purchased from Wheelabrator) were sieved leading to a diameter range 250 < 2a < 315 µm. We suspend these particles in a mixture of water at 65% wt. and UCON (Dow Chemical, 75-H-90,000) at 35% wt. The suspending fluid mixture is Newtonian with a viscosity η 0 0.23 Pa.s −1 and a density ρ f 1.03 × 10 3 kg×m −3 . The total particle mass M = 4.00 g was weighed using a precision scale before inserting them in the geometry and the global particle volume fraction is φ = 10%.
Assessing the shear viscosity of such suspensions is difficult: strong sedimentation effects result in a suspension that is non-homogeneous in the vertical direction. We can however evaluate this viscosity by conducting additional experiments with suspensions composed of the same particles suspended in a similar but much more viscous fluid phase (20% wt. water, 80% wt. UCON), for which homogeneous steady states under shear are a priori reached. These additional results are shown in Appendix A 1. They evidence that the shear viscosity follows a standard Maron-Pierce like evolution with volume fraction, which seems to diverge at φ m 0.6, in addition to weak shear-thinning at the highest concentrations. We will thus consider that the SBM is a priori an appropriate framework to describe these suspensions rheology.
In the resuspension experiments, the spindle is driven by a stress-imposed rheometer (AR G2, TA Instruments). The vertical position of the spindle is set as the lowest position that allows free rotation, usually around 50-100 µm from the cup bottom, in order to prevent particles from getting below the spindle. We use the rheometer feedback loop on the imposed stress to apply a constant shear rateγ = 1000, 500, 250, 100, 50, 25 and 0 s −1 in successive steps of 5 min duration each.
B. X-ray Radiography
The whole rheometer and the Taylor-Couette cell are inserted in a high-resolution X-ray apparatus (Phoenix v|tome|x s, GE) set to work in two-dimensional mode with a pointlike source (see Figures 1a, 11 and 12 ). The experimental X-ray intensity map I φ (x, z) transmitted through the Taylor-Couette cell is recorded by a planar sensor. This intensity depends on the absorbance of all the parts of the setup, including the PMMA cup and spindle, the suspending fluid and the particles. To isolate the particle contribution, we first acquire a reference intensity map I 0 (x, z) obtained with a geometry filled with the pure suspending fluid. The specific absorbance A(x, z) solely due to the presence of particles throughout the geometry is then defined as:
In a homogeneous medium, the absorbance A can be directly related to the global volume fraction φ through the Beer-Lambert law:
where ε f and ε p are the specific extinction coefficients of the fluid and the particles, and w is the thickness of the suspension slab crossed by the X-rays. In our experiments, the crosssection w depends on the transverse coordinate x (see Figure 1b) and the particle volume fraction φ depends on both r and z. The latter point implies that the absorbance A(x, z) is a weighted average of φ over r, the radial distance to the rotation axis. A rigorous determination of the local particle volume fraction φ (r, z) requires the expression of Equation (2) in an integral form and the application of an inverse Abel transform as detailed by Gholami et al. 20 . Here, for the sake of simplicity, we shall focus on the two regions corresponding to R i ≤ |x| ≤ R o that we refer to as the left and right crosssections (CS) as depicted in Figure 1b . We denote their local cross-sectional widths as w(x). As discussed below, the particles are essentially homogeneously distributed in the horizontal plane under shear. Hence, we express φ (r, z) as the ratio
, identifying x with r and ignoring the weighted average. Additional parallax issues also induce a smoothing of the actual concentration maps on a typical scale ≈ 8a along the vertical direction. The reader is referred to Appendices C and D for more details about the approximations used in data analysis and about calibration issues.
III. RESULTS
A. General Observations
To the best of our knowledge, the concentration maps φ (r, z) shown in Figure 2 are the first measurements of this kind for resuspension experiments. We first notice that the particles show some verticle layering at the outer wall of the Taylor-Couette geometry. This phenomenon is particularly pronounced for the lowest shear rates where the local concentration φ (r, z) may exceed random close packing. In the particular case of the sediment at rest, it even reaches φ = 0.74, indicating that particles form a hexagonal packing close to the outer wall (see leftmost panel in Figure 2 ). We cannot conclude on the presence of layering at the inner wall: since our determination of φ close to the rotating spindle involves a weighted average on all R o ≤ r ≤ R i , layering may be hidden by the volume fraction in the bulk. For the same reason, we cannot completely rule out particle migration towards the outer edge: our measurements only confirm that strong migration does not occur and that the particle volume fraction is quite homogeneous in the horizontal direction except where layering is present. This result is expected in our thin-gap Couette geometry, where the stress gradients due to the curvature remain small.
In the vertical direction, starting from the top of the cup, the sediment at rest shows a rather sharp transition from φ = 0 to its maximal value over the size of the typical smoothing resulting from the finite distance between the X-ray source and the geometry. The sediment at rest is homogeneous along z with an average volume fraction over the entire gap of 0.55, in fair agreement with the existing literature on nonattractive spheres settling very slowly [21] [22] [23] [24] . In particular, this volume fraction is clearly lower than random close packing (φ = 0.636) and than the critical volume fraction where the shear viscosity of monodisperse frictional sphere suspensions diverges (usually 0.58 ≤ φ ≤ 0.62, 0.6 in our case) 7, 8, 25, 26 .
For increasing shear rates, Figure 2 shows the resuspension process in action: the top of the sediment rises asγ increases. In order to conserve the number of particles, the volume fraction in the bulk of the sediment decreases. In contrast with the sediment at rest, a finite vertical gradient in volume fraction develops throughout the sediment, including at the top of the sediment where φ → 0.
Finally, it can be noted that the concentration maps in the left and right cross-sections differ slightly from each other. Measurements of the resuspended sediment height highlight the relative differences, ranging from 1 to 9% depending on the applied shear rate. These differences could stem from a slight misalignment of our geometry: our measurements show a 3% -two pixels in our images-difference in size between the two cross-sections. They did not show any significant angular misalignment between the spindle and the cup rotation axes. Any potential misalignment does not prevent steady states to be reached, as can be seen in Figure 15 in Appendix E. In the following, we focus on one-dimensional profiles of the local volume fraction that we compare to predictions of the SBM based on the various expressions proposed in the literature for the normal viscosity.
B. Concentration Profiles Along the Vertical Direction
In order to extract one-dimensional concentration profiles from the two-dimensional maps of Figure 2 , we perform local averages of φ (r, z) over various vertical slices across the gap of the Taylor-Couette cell and compute φ (r 0 , z) = φ (r, z) r 0 −∆r<r≤r 0 +∆r , where r 0 and ∆r = (R o − R i )/14 0.14 mm respectively denote the centre position and the width of each slice. As shown in Figure 3 for the step atγ = 500 s −1 , the outermost and the innermost profiles significantly differ from the other profiles, confirming that layering is present at the walls and that particle migration in the bulk is limited. These profiles also confirm that, under shear, the particle volume fraction continuously increases from the clear fluid down to the bottom of the sediment rather than reaching a constant value in the bulk of the sediment.
Defining concentration profiles φ (r 0 , z) requires a common reference point z = 0 for the bottom of the sediment. The parallax issues described in Appendix C imply that the volume fraction smoothly decreases to zero at the bottom of the sediment (see Figure 3b ) so that we cannot trivially choose z = 0 as the bottom location at which φ vanishes. Since they are more prominent close to the inner cylinder, we define z = 0 as the location of the maximum volume fraction of the second outermost volume fraction profile. We finally define the height of the resuspended sediment, named h, as the maximum vertical position z at which the particle volume fraction exceeds the noise level of our measurements, estimated to be around 0.45% (see Figure 3c ). We also remark that φ (r 0 , z) reaches zero with an oblique asymptote at z = h i.e. φ (r 0 , z) scales roughly as (h − z) at the top of the sediment.
In the following, we choose to work with the central slice φ (r 0 = 24 mm, z), hereafter noted φ (z) for simplicity, as representative of the particle vertical distribution (see purple profile in Figure 3 ). Plotting this quantity with the origin shifted to the top of the sediment shows that φ (z) follows the same trend for both cross-sections (see Figure 4 ). This means that Colors code for the imposed shear rate fromγ = 0 s −1 (dark purple) toγ = 1000 s −1 (yellow). Both z and the resuspended sediment height h, as defined in Figure 3c , are normalized by the particle radius a.
particles at the top are insensitive to the particle volume fraction in the bulk of the resuspended sediment and at the bottom of the cup. This justifies the use of a local theory such as the SBM to model resuspension processes. It also means that we may focus our study on the left cross-section only without any loss of generality.
IV. COMPARISON WITH RESUSPENSION MODELS A. Theoretical Framework
Though initially modelled in the framework of a diffusive model 17, 18 , viscous resuspension may also be described using the SBM 8, 10 . The advantages of this second approach lie in that (i) the model is fully tensorial and (ii) the same phenomenological expressions can be used to account for particle migration, for normal forces and for particle pressure measurements. Though the latter argument is not strictly valid 5, 6 , it has been argued that the theoretical refinements detailed in Lhuillier 5 and Nott, Guazzelli, and Pouliquen 6 might be neglected provided that contact forces dominate the particle stress, as should be the case at sufficiently high volume fraction 6 . We therefore choose to discuss the present experimental data in the framework of the SBM.
The steady-state concentration profile then results from the momentum balance in the particle phase, which reads 4 :
where Σ p is the particle stress tensor, assumed to be diagonal 4, 8 and with components Σ p,ii = −η 0 |γ| η n,i (φ ) where i = 1, 2 and 3. Defining the global Shields number:
which is a constant control parameter for a given shear rate, we may recast Equation (3) in dimensionless form. Assuming that the normal viscosity coefficient η n,3 is a function of φ only, we write:
whereẑ = z/a. Other lengths will be normalized in a similar fashion in the following sections. Equation (5) is formally analogous to the one obtained using the diffusive model of Acrivos, Mauri, and Fan 18 . By identification, we can relate the normal viscosity η n,3 to the dimensionless shear-induced diffusivityD of the diffusive model, dη n,3 /dφ = 9D/2 f (φ ), where f (φ ) is the hindrance function accounting for the presence of other particles. Equation (5) can be solved together with an equation for mass conservation to compute the total heightĥ of the resuspended sediment and the volume fraction profile, provided one assumes an expression for η n,3 (φ ). Several tentative empirical expressions for this quantity -also called correlations in the literature 8, 18 -have been proposed, which generally assume the following form:
where φ m is the volume fraction at which both shear and normal viscosities diverge. Zarraga, Hill, and Leighton Jr. 10 choose n = 3, λ = 0.24 and φ m = 0.62 based on previous experimental results of viscous resuspension in a Taylor-Couette geometry 18 . Morris and Boulay 4 obtain n = 2, λ = 0.38 and φ m = 0.68 combining sets of data from large-gap TaylorCouette and parallel-plate migration experiments. This scaling is very similar to the one proposed by Boyer, Guazzelli, and Pouliquen 7,27 who derived n = 2, λ = 0.6 and φ m = 0.585 from pressure-imposed shear and rotating rod experiments. The volume fraction profiles can also be computed using the expressions for the normal viscosity proposed by Boyer, Guazzelli, and Pouliquen 7 and by Zarraga, Hill, and Leighton Jr. 10 . Indeed, Equations (5) and (6) allow us to deriveĥ −ẑ as a function of φ :
Since these two expressions are strictly monotonic functions of φ , we can invert them to generate numerical concentration profiles. In the case of the Boyer et al. correlation, inverting Equation (7) analytically results in:
Finally we need to estimateĥ in Equations (8) and (9) in order to superimpose numerical profiles to experimental data. To do so, we use particle conservation,
together with the values ofĥ 0 obtained in Appendix D for the left and right cross-sections of the gap. While the resuspended sediment heights following the correlation of Zarraga et al. have to be computed numerically, we can derive a closed, explicit formula forĥ from the correlation of Boyer et al.:
B. Height of the sediment
We first compare our results to the resuspension heights measured by Acrivos, Mauri, and Fan 18 , who did not have access to local particle concentration measurements. We report our experimental results in Figure 5 along with the analytical expression of Equation (11) and two other estimates ofĥ(Sh) that are very close to one another: the first is a numerical derivation based on Zarraga, Hill, and Leighton Jr. while the second is the historical asymptotic expression proposed by Acrivos, Mauri, and Fan. Our experimental data lie systematically above the Zarraga et al. correlation while also disagreeing with Equation (11) . Height measurements indeed offer limited or even ambiguous insight on the processes at play and highlights the critical importance of measuring the bulk concentration profiles in the sediment in order to fully understand viscous resuspension.
C. Direct estimation of the normal viscosity
The volume fraction profiles measured in the previous section allow us to determine directly the normal viscosity. Indeed, integrating Equation (5) from any normalized positionẑ along the resuspended sediment height toĥ leads to
Interestingly, a single volume fraction profile provides an estimation of the normal viscosity on a range of φ that depends on the Shields number of the experiment. By varying the Shields number, we could not only cover a wide range of volume fractions but also test the robustness of the approach thanks to data redundancy. The normal viscosities η n,3 (ẑ) inferred from our experimental measurements are shown as a function of φ (ẑ) in Figure 6a together with the correlations of Boyer, Guazzelli, and Pouliquen 7 , Morris and Boulay 4 and Zarraga, Hill, and Leighton Jr. 10 (see section IV A). The maximum volume fraction was set to φ m = 0.6 for all correlations following the viscosity measurements reported in Appendix A 1 for homogeneous suspensions. Maximum volume fractions are indeed not universal and have to be adjusted depending on the solid friction coefficient between particles 26 . Rather than collapsing on a master curve independent of the applied shear, the normal viscosity curves η n,3 (φ ) shift downwards with increasing shear rates. We checked that such a shear rate dependence cannot be ascribed to the uncertainty on the local volume fraction measurements or to a lack of precision on the determination ofẑ = 0 andẑ =ĥ; it is also unlikely that potential wall slip or confinement effects both in the vertical and the lateral directions are responsible for this progressive shift (see Appendix B for more details). Moreover, none of these curves match any of the three correlations presented above in Section IV A. This result is quite intriguing since all shear rate dependence should be taken into account by the Shields number in Equations (5) and (12) for hard, spherical particles with a constant friction coefficient. Figure 6b further shows that, when rescaled by a factor 0.60 Sh 0.30 , all normal viscosity profiles follow a universal shape for φ ≥ 0.2. Significant discrepancies are observed at low volume fractions, which can be attributed to the parallax issues described in Appendix C. Additional experiments shown in Appendix F and performed with a smaller amount of the same particles support the same scaling for φ ≥ 30%. Interestingly, while the correlation proposed by Zarraga et al. can be clearly ruled out, the normal viscosity correlations of Boyer et al. and Morris and Boulay now yield accurate descriptions of the experimental data in this new set of axes, down to volume fractions of about 0.1 for the largest shear rates, whose profiles are least sensitive to parallax issues. Such a shift amounts to using an effective Shields number in Equation (12) given by Sh eff = 1.65 Sh 0.70 to match the prediction of Boyer et al., or 2.60 Sh 0.70 to match that of Morris and Boulay. This reflects the fact that the normal viscosity grows -unexpectedly-slower thanγ, or, equivalently, that resuspension becomes less and less efficient as the shear rate increases. Figure 5 . More importantly, it fails to fit the data at low volume fractions, i.e. close toẑ =ĥ, where the numerical profiles display a vertical tangent whereas the experimental data show a finite slope. In contrast, the Boyer et al. correlation correctly fits the data atγ = 50 s −1 for almost all z but grossly overestimates the sediment height at larger shear rates.
D. Comparison with theoretical concentration profiles
A much better agreement is obtained if we take the Shields number as a free parameter in Equation (9) . The numerical profiles resulting from this procedure are displayed in Figure 7e-f and coincide very well with the experimental data for all shear rates and particle volume fractions. Figure 7g shows the variation of the effective Shields number deduced from the fitting procedure as a function of the global Shields number Sh. Therefore, using the Boyer et al. correlation with an effective Shields number Sh eff = 1.65 Sh 0.70 provides an excellent description of our data, consistently with Section IV C and, as will be discussed in the next Section, with nonlinear particle stresses as in Equation (13).
V. DISCUSSION
The volume fraction profiles obtained for a wide range of shear rates provide a strong test of the constitutive behavior of suspensions. From our observations, and after ruling out parallax issues, wall slip and confinement effects, it appears that the SBM with the standard viscous scaling of all stresses is not able to describe our system. Instead, the particle stresses seem to obey the following scaling:
Let us discuss separately the dependence of the particle stress Σ p with respect to the volume fraction and to the shear rate. Although coupling between these two variables cannot be excluded in the general case, this separation is natural in our thin-gap Taylor-Couette geometry, as the shear rate is homogeneous. Furthermore, such an approach has been systematically used in the framework of SBM.
A. Effect of volume fraction
As recalled in section IV A, two main correlations for the normal viscosity η n,3 (φ ) have been proposed in the literature. The main difference between the correlation of Zarraga et al. and that of Morris and Boulay 4 or Boyer et al. is the value of the exponent n in Equation (6), which sets both the asymptotic behavior at low volume fraction η n,3 ∼ φ n and the one close to jamming. The fits to the concentration profiles of Figure 7 and the direct normal viscosity determination of Figure 6 lead to the same conclusion: the n = 2 correlation of Boyer, Guazzelli, and Pouliquen 7 matches our results much better that the n = 3 equation proposed by Zarraga, Hill, and Leighton Jr. 10 . In particular, close to the top of the sediment, the oblique asymptotes of the φ (z) profiles highlight the n = 2 scaling of the normal viscosity at low φ , which was proposed -yet never measured-by Morris and Boulay and by Boyer et al..
Strikingly, the n = 3 scaling was deduced in Ref. 10 from viscous resuspension experiments in a Taylor-Couette geometry, in which Acrivos, Mauri, and Fan 18 measured the resuspended sediment height. However, as shown in Figure 5 and contrary to the volume fraction profiles, this height provides limited insight into the asymptotic behavior of the normal viscosity at low φ , which might allow an n = 3 scaling to fit the data.
From a physical point of view, the φ 2 scaling at low volume fractions points to pairwise interactions, contrary to a φ 3 scaling which would rather hint at three-body hydrodynamic interactions as considered in Ref. 28 . As pointed out by Lhuillier 5 , both non-hydrodynamic and hydrodynamic forces could in principle lead to shear-induced migration. It has been argued that the effect of non-hydrodynamic forces such as contact forces between particles is likely to dominate at high volume fraction 6 . Our finding that Σ p ∝ φ 2 at low φ thus indicates that the shear-induced migration evidenced in resuspension experiments originates -at least for the system studied here-from non-hydrodynamic interactions, even at low volume fractions, where the shear viscosity is dominated by viscous stress. As will be shown in the following, these non-hydrodynamic interactions are likely to be contact forces.
B. Effect of shear-rate: nonlinear particle stress
The nonlinear power-law scaling of the particles stresses Σ p ∝γ 0.7 [Equation (13)] is not expected for a viscous suspension when interparticle contact forces are modeled by an ideal Coulomb friction law 9 . Many experimental results, however, show departures from the simple viscous scaling Σ p ∝γ through a shear-thinning viscosity at high volume fraction in non-Brownian suspensions [10] [11] [12] [13] [14] . For our suspension, we find in Appendix A 1 that η ∝γ −0.17 for the largest volume fractions. Recently, several authors have introduced nonCoulomb friction laws to explain such shear thinning, either by adding an explicit velocity dependence 13 or a normal stress dependence 12, 14 to the microscopic sliding friction coefficient between particles.
Still, the shear viscosity cannot be correlated directly to the particle stress that we extract from the shear-induced resuspension experiment. Indeed, the shear viscosity of the suspension finds its contribution from both hydrodynamic and contact stresses. In order to get some insight into contact stresses, one needs to perform, for example, shear reversal experiments [29] [30] [31] [32] . In such experiments, the suspension is first sheared at a given shear stress or shear rate in a simple shear flow until steady-state is reached. The direction of shear is subsequently reversed (keeping the same value of the applied shear rate or stress), and the viscosity evolution with strain is recorded. In the presence of contact forces, most contacts are predominantly oriented in the compression direction of simple shear. Upon shear reversal, all of these contacts are now in traction and are suddenly broken, which results in an abrupt decrease of the viscosity. The minimum viscosity achieved during the reversal can then be associated mostly with hydrodynamic interactions, whereas the difference between the steady-state viscosity and this minimum provides the contact contribution to the viscosity 32 .
In order to estimate the particle contact contribution to the shear viscosity, we performed shear reversal experiments on suspensions composed of the same glass beads as in the resuspension experiments, but in a more viscous fluid to avoid sedimentation. These experiments are discussed in Appendix A 2 and the results are shown in Figure 10 . Following Peters et al. 32 to analyze these results, we show that the hydrodynamic part of the shear viscosity is essentially rateindependent, whereas the contact contribution to the viscosity shows a pronounced shear-thinning behavior (see Table I ). It suggests that the contact contribution to stress scales asγ 0.76 , which is broadly consistent with particle stresses scaling aṡ γ 0.7 in resuspension experiments [Equation (13)]. Altogether, these observations point to non-Coulomb friction between our glass particles, as recently proposed by Chatté et al. 12 and by Lobry et al. 14 . This means that the resuspension properties of non-Brownian particles should depend much on the exact nature of the particles and on the way their friction coefficient varies with load and velocity.
VI. CONCLUSION
Previous experimental studies of shear-induced resuspension in the literature focused on the height of the resuspended sediment and needed to assume a viscous scaling either for the particle stress (in the case of the SBM) or for the diffusion coefficient (in the case of the Acrivos model) in order to model their observations. This assumption is justified in the case of rate-independent Coulomb friction between the particles. Here, we have obtained local volume fraction profiles for resuspension in a Taylor-Couette geometry thanks to X-ray imaging. A broad range of volume fractions is covered under various applied shear rates, which allows us to investigate both the volume fraction and shear rate dependence of particle stresses. In the framework of the SBM, our data demonstrate that the particle stresses asymptotically scale as φ 2 at low volume fractions and display a nonlinear, shear-thinning scaling with respect to the shear rate. The latter is consistent with the shear thinning observed both in the shear viscosity of the suspension and in the contribution of contacts to this viscosity. This likely points to a non-Coulomb or velocityweakening friction between the glass particles. Similar experiments should now be conducted on other non-Brownian particles in order to get more insight into the impact of the precise local contact laws between pairs of particles on the particle stresses, as well as on the efficiency of resuspension.
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Appendix A: Macroscopic behavior
In this Appendix we report and discuss the steady-state macroscopic viscosity of suspensions. We also present the results of a series of shear reversal experiments performed to characterize the particle contact contribution to the shear viscosity.
We use the same glass spheres as those used in the resuspension experiments of the main text. This time, the particles are suspended in a mixture of 20% wt. water and 80% wt. UCON (instead of 65% wt. water, 35% wt. UCON), which is also a Newtonian fluid, with a viscosity η 0 14.5 Pa.s −1 at 25 • C. Suspensions are prepared at various volume fractions ranging from 10 to 50%. We use a Kinexus Ultra+ rheometer (Malvern Panalytical) equipped with a wide-gap TaylorCouette geometry, with sandblasted surfaces (rotor diameter 25 mm, stator diameter 37 mm), to characterize the suspensions. Experiments are conducted in the controlled-stress mode. The shear stress and shear strain are obtained from the applied torque and the measured rotation angle by using the standard equations for the Taylor-Couette geometry at the rotor surface.
Steady-shear viscosity
For each volume fraction, the steady-shear apparent viscosity is measured by applying a series of logarithmically-spaced constant shear stresses, corresponding to shear rates varying between 0.01 and 10 s −1 . Each shear stress is applied for a duration of 10 s.
The steady-state viscosity η is plotted as a function of the steady-state shear rate in Fig. 8 for various particle volume fractions φ . At low φ , a Newtonian behavior is observed with a viscosity higher than that of the interstitial fluid. As the volume fraction is increased, the viscosity increases and a mild shear-thinning is observed. For φ = 50%, the apparent viscosity follows a scaling η ∝γ −0.17 . Similar shear-thinning at high particle concentration has already been reported in a number of other non-Brownian suspensions [10] [11] [12] [13] [14] .
In order to characterize the viscosity increase with volume fraction, we plot the dimensionless viscosity η(φ ,γ = 1 s −1 )/η 0 as a function of φ in Figure 9 . Since the suspensions show shear-thinning at high concentrations, we also show error bars extending from the lowest to the highest dimensionless viscosity measured at each φ within the range of investigated shear rates. The increase of η/η 0 with φ is similar to that reported for other non-Brownian suspensions 8 and may be fitted fairly well to a Maron-Pierce law 33 :
with φ m = 0.6, which is in the range of φ m values typically observed for monodisperse frictional spheres 7, 8, 25, 26 . 
Shear reversal experiments
Next, following Lin et al. 31 and Peters et al. 32 , we use shear reversal experiments to evaluate the particle contact contribution to the shear viscosity. As in Blanc, Peters, and Lemaire 30 , since we use a stress-controlled rheometer, we work in the controlled-stress mode in order to monitor accurately the transient evolution of the viscosity with strain. We first shear the suspension at a constant imposed stress τ until the shear strain γ exceeds 10 and a steady state is reached. We then apply a resting period of 10 s at zero stress before applying a stress −τ until a new steady state is reached. We call γ R FIG. 10 . Shear Reversal experiments of a 50 % wt. suspension of glass particles in an 80 % wt. UCON-20% wt. aqueous mixture. a) Steady-state relative viscosity η/η 0 of the suspension plotted as a function of the strain before reversal γ R − γ. Colors code for the applied shear stress ranging from 11.5 Pa (yellow) to 1310 Pa (purple). b) Evolution of the relative viscosity η/η 0 as a function of the shear strain after reversal γ − γ R . The shear reversal data for the all shear rates were smoothed over 10 samples for clarity. c) Relative viscosity η/η 0 as a function of the applied shear rate. Squares: steady-state viscosity, obtained from a). Circles: relative viscosity minimum η min /η 0 reached in b) soon after reversal. Triangles: contact contribution to the suspension viscosity η C . Diamonds: hydrodynamic contribution to the suspension viscosity η H . Contact and hydrodynamic contributions are deduced from the decomposition proposed by Peters et al. 32 , which we recall in Equations (A2) and (A3). Same color codes as in a) and b). the reversal shear strain attained when the stress is set to −τ. We monitor the evolution of the shear viscosity both before and after shear reversal. These measurements are repeated for the same values of τ as in the previous section and shown in Fig. 10a-b for a suspension of volume fraction φ = 50%.
As already observed in the literature 29, 31, 32 , the shear viscosity just after reversal is smaller than the steady-state viscosity and it subsequently increases with strain until it reaches a steady state for a strain of order 5. Figure 10b -c shows that the steady-state viscosity is more sensitive to the shear rate than the viscosity minimum η min reached shortly after shear reversal. This last observation is consistent with the numerical simulations of Peters et al. 32 , which suggest the following decomposition:
η H and η C being the hydrodynamic and contact contributions to viscosity; the choice of the 0.17 numerical factor may a priori depend on the interparticle, local friction coefficient. We perform a similar decomposition in Figure 10c . Using a numerical factor 0.12 (instead of 0.17) in Equation (A3), we observe that the hydrodynamic part of the suspension viscosity η H is constant, as expected of a suspension of non-Brownian hard spheres. Following that choice, the contact viscosity η C decreases for increasing shear ratesγ, and point to an average shear-thinning exponent of −0.24 ± 0.02 for the contact viscosity, as shown in Table I . This exponent broadly agrees with the −0.30 shear-thinning exponent of the normal viscosity obtained from resuspension experiments in the main text. TABLE I . Shear-thinning exponents n of the suspension viscosity η with the shear rate: η ∝γ n . The total exponent is obtained from the flow curves of Fig. 8 . The contact exponent is deduced from the viscosity decomposition of Peters et al. 32 for shear reversal experiments, such as the one shown in Fig. 10 . A viscous scaling implies n = 0.
Appendix B: Effect of slip and confinement in the experiment
The results shown in Figures 6 and 7 , discussed in Section V, are striking and counter intuitive. We must ensure that they do not result from undesirable physical effects present in our experiment.
Wall slip
Slip may be present at the walls of our Taylor-Couette cell. Experiments by Jana, Kapoor, and Acrivos 35 conducted in suspensions of non-Brownian hard spheres in a Newtonian solvent show that slip becomes noticeable only for volume fractions above 0.45. The slip rate then increases with φ but remains quite limited up to φ = 0.52, the maximum volume fraction investigated by Jana, Kapoor, and Acrivos 35 . In our experiments, the profiles of η n,3 (φ ) deviate much more strongly from the Boyer correlation at high shear rates, where the volume fraction φ is lower than at low shear rates. Therefore, it is very unlikely that such a deviation results from wall slip.
Confinement
The peculiar dependence of Σ p with φ andγ could also be due to particle confinement present in our geometry. Confinement effects may come from the narrow gap width of the geometry or from the limited height of the sediment h compared to the particle radius a.
a. Lateral confinement Our experimental configuration involves ∼ 8 particles across the gap, which is slightly below the classical limit requiring at least ∼ 10 particle diameters to accurately reflect bulk behavior in granular materials 36 . However, radial confinement may not be that crucial since we report layering that extends over only 1 to 2 particle radii from the walls without any other significant radial gradients in the volume fraction.
b. Vertical confinement Turning to the case of vertical confinement, we note that imposing a zero velocity at the bottom of the cup provides incompatible boundary conditions with the velocity of the inner cylinder that imposes the global shear rate. The consequences of such incompatibility should be even more drastic for smaller sediment heights. To test this idea, we performed additional resuspension experiments with a number of particles two times smaller than in previous measurements (see Appendix F). Such experiments show a larger dispersion of the normal viscosity η n,3 when plotted as a function of φ . Yet, the scaling proposed in Equation (13) remains valid for the larger volume fractions, i.e. close to the bottom wall, suggesting that it results from a bulk property of the suspension rather than from confinement effects. A better control of boundary conditions at the edges of the geometry (top or bottom) is possible, for instance by using a non-miscible, very dense fluid such as mercury at the bottom of the geometry 18, 37 or by considering positively buoyant particles in a dense fluid. Such experiments could confirm the general nature of Equation (13) .
Appendix C: Geometrical Approximations and Parallax Issues
In this Appendix, we provide more details on the approximations made in Section II B. We first describe how computing φ (r, z) involves averaging over different radial positions. We then detail the impact of a finite distance between the Xray source, the geometry and the detector on the final measurements, which we shall refer to as parallax issues in the main text.
General Approximation
For an X-ray source located at infinity, the apparent thickness w(x) of the slab of suspension crossed by the X-rays at a position x within the two cross-sections defined in Figure 1b is simply given by:
X-rays actually cross slabs of the suspension corresponding to multiple values of the radial distance r. Given the notations in Figure 1b , the integral version of the Beer-Lambert law reads:
The approximation that we make in the main text consists in assuming that:
Since 2 R o x ζ (x, r)dr = w(x), Equation (C2) shows that the above approximation is true only for r-independent concentration fields or for x very close to the outer edge. In the latter case, however, the precision on the volume fraction measurement is poor due to the small value of w(x) (see Appendix D for more details).
Consequently, the apparent φ (r, z) inferred from Equation (C3) is actually a weighted average of the true φ (r, z) over x ≤ r ≤ R o . The weight of r x in this averaging process is particularly high since ζ (x, r) diverges for r → x. This means that in the absence of strong radial gradients in the particle volume fraction, we may use Equation (C3) to obtain a reasonable estimate of the local volume fraction. In any case, our study is mostly focused on the vertical distribution of particles so that the details of the volume fraction field in horizontal planes can be averaged out.
Finite distance effects: parallax issues
In practice, both the X-ray source and the detector are located at a finite distance from the Taylor-Couette geometry. This implies that the incident X-rays, depicted so far as a parallel beam, actually diverge from the source. This has a direct impact on the data especially in the vertical plane.
a. Changes in the horizontal plane First, the width w(x) has to be computed for a source located at a finite distance d 25 cm from the center of the geometry. The location x at which an X-ray hits the sensor now varies with the distance between the source and the detector, D 70 cm. The geometrical relations shown in Figure 11 allow us to derive the finite-distance slab thickness of the sediment crossed by the X-rays as a function of x through the use of θ , defined as tan θ = x/D: 11 . Impact of the finite distance between source, geometry and detector in the horizontal plane. We notice that x is proportional to D
The boundaries of our cross-sections are defined by two limit rays of angles θ m and θ M , such that d sin θ m = R i and d sin θ M = R o . We can relate these angles to the locations x m and x M where the limit rays hit the sensor plane:
We notice that x M − x m is not equal to R o − R i and is instead proportional to D. The size -expressed as a number of pixelsof the cross-section in our raw images thus depends on both the true resolution of the sensor (the number of pixels per mm) and the distance D. In practice, we choose a scaling factor S in the pictures so that the apparent cross-section size is equal to S(x m − x M ) = R o − R i . Finally, the impact of the finite distance between the source and the detector can be quantified as [w FD (Sx) − w(x)]/w(x). Given our estimates for d/R o ≥ 10 and D/R o ≥ 20, the finite distance leads to corrections on w that are always smaller than 0.1% and can therefore be neglected.
b. Impact in the vertical direction
Since the source is pointlike and set at a finite distance from the geometry, X-rays may cross the suspension at some angle relative to the horizontal direction. Consequently, as shown in Figure 12 , our measurements are also averaged vertically over a typical "smoothing" length that can be expressed as a function of the vertical distance ∆z between the source and the slab of suspension under investigation and as a function of the slab thickness w(x):
In our setup, the vertical position of the source is z 16 mm in the reference frame of Figure 2 . In the case of the sediment at rest, there should be a sharp transition from φ = φ m to φ = 0 at the top of the sediment. We can thus readily estimate by measuring the typical width of the transition zone on the experimental map of Figure 2a . In the worst-case scenario, i.e. at the bottom of the sediment and close to the inner wall, we predict 3.3 mm, which is compatible with the concentration maps of Figure 2 . We further predict 1.4 mm at the top of the sediment at rest and close to the inner wall, in fair agreement with Figure 2a -b. We finally compute an estimate of at the centre of the cross-section, used to derive the concentration profiles examined in Sections III B and IV. We obtain = 0.146|∆z| which amounts to 4 particle diameters at the top of the sediment and to 9 particle diameters at the bottom of the sediment. The impact of parallax is very limited at the bottom of the sediment since no significant variations of φ are observed over . Rather, its impact is maximal at the top of the sediment and for low shear rates where φ show the strongest spatial variations. Therefore, parallax issues along the vertical direction may explain the dispersion of the normal viscosity data at low volume fraction in Figures 6 and 16 as well as the slight curvature of the concentration profiles for φ very close to 0 in Figures 3, 4 and 7 . We believe the impact of this parallax issue remains limited to such details. Parallax issues along the vertical direction. For a pointlike source located at a vertical distance ∆z from the suspension slab under study, volume fraction measurements are smoothed over a typical size , proportional to the suspension thickness crossed by the X-rays w(x) and to ∆z for small X-ray angles.
Appendix D: Data validation and calibration
Locating the gap in X-ray images
When computing φ (r, z) using Equation (C3), we notice that both A and w tend to zero for x = R o . Therefore, volume fraction measurements close to the outer cylinder are particularly sensitive to where we define x = R o in the raw images. Any imprecision δ x on the position of the outer wall may result in dividing A by an effective thickness w(x + δ x) that greatly differs from the actual w(x) in the vicinity of x = R o . Thus, we carefully choose the position of x = R o in both crosssections so as to (i) obtain a gap width compatible with the actual gap of the geometry (we respectively get 2.00 mm and 2.06 mm for the left and right cross-sections) and (ii) obtain a local minimum of volume fraction at the outer edge of the geometry, followed by a progressive increase of φ up to r ≈ a for all shear rates. Our setup indeed allows us to resolve particles that are in contact with the walls, which naturally introduces an apparent particle concentration gradient at the outer boundary.
Estimating the extinction coefficients ε p and ε f
The last step when converting A(x, z) into φ (r, z) consists in estimating the proportionality constant between A/w and φ , namely the extinction coefficient difference ε p − ε f . To this aim, we perform the following integral: 
For a given shear rate, we compute the above integrals for each cross-section. Measuring independently the particle mass M = 4.00 ± 0.01 g with a precision scale allows us to deduce the extinction coefficient difference ε p − ε f from Equation (D1). Figure 13 shows all the individual estimations of ε p − ε f together with the average value ε p − ε f ≈ 14.9 m −1 . Such an extinction coefficient difference is compatible with an ordered layer at the outer edge of the experiment. We have plotted in Figure 14 the volume fraction profiles for the pixels corresponding to the outermost concentration profile zone (see Section III B and Figure 3) for the sediment at rest, using ε p − ε f = 14.9. We notice that φ sometimes exceeds 0.74, yet we have verified that the excursions above φ = 0.74 never occur over more than one particle diameter, reflecting both on the ordering at the wall and the subparticle resolution of the X-ray apparatus. The average profile ( Figure 14 , in black) shown in the main text only seldom exceeds this value, confirming our data validation scheme.
Finally, we estimate the initial height h 0 to be used for the models in Section IV D from the measured particle mass M and by taking φ m = 0.6 for the maximum volume fraction so that h 0 = M/[ρπ(R 2 o − R 2 i )φ m ] = 70.4a. In practice, since we observe discrepancies in the sediment height between the left and right cross-sections (see Figures 2 and 4) , we correct h 0 for each cross-section based on the data in Figure 13 and obtainĥ 0 = 72.8 for the left CS and 68.6 for the right CS. Gray lines correspond to a time-average of φ (r, z) at steady state for r values corresponding to the 6 pixels closest to the outer cup on the raw images for both the left and right cross-sections. The thick black line is an average of the gray lines. The dashed line corresponds to φ cfc = 0.74, which is the upper volume fraction limit for monodisperse spheres.
Appendix E: Spatiotemporal diagrams of resuspension experiments Figure 15 displays particle volume fraction maps averaged over the gap width as a function of vertical position z and time t for three different applied shear rates. All three plots show that a steady profile is reached after t 70 s. Hence, the mean volume fraction fields shown in Figure 2 , where the temporal average was performed over t = 90-150 s, do not include any transient regime and fully characterize viscous resuspension at the steady state. Each individual φ (r, z,t) at time t is averaged over r in order to provide a space-time representation in the (z,t) plane. The mean volume fraction fields presented in Figure 2 are averaged over the last 120 images, i.e. from the white dashed line to the right end of the axis.
Appendix F: Normal viscosities for a different number of particles
Additional experiments have been conducted using only half of the particle number used in the main text, bringing the global volume fraction in the experiment down to 5%. Figure 16 shows the normal viscosities η n,3 rescaled by the same factors as those used in Figure 6 . Discrepancies between shear rates are rather high for volume fractions below φ = 30%. This is to be expected since the resuspended sediment height is smaller, leading to larger parallax issues in the vertical direction. Nevertheless, their behavior at large volume fractions looks universal and matches the correlation proposed by Boyer, Guazzelli, and Pouliquen 7 fairly well. This result confirms that resuspension does not depend on the total number of particles, and hence that the process is not strongly affected by boundary conditions. 
